SUMMARY After mkrosurgicaJ dissection of the thoracic aorta of normotensive rats, biochemical and morphological comparisons were performed between the intima-media and adventitia. The DNA content, wet weight, and dry defatted weight of the adventitia were half that of the intima-media. Collagen was the main component of the adventitia (collagen > nonfibrous protein > elastin) whereas elastin was the main protein in the intima-media (elastin > nonfibrous protein >collagen), and the results correlated with morphological observations. Hypertension induced by aortic ligation between the renal arteries resulted in rapid elevations in circulating humoral factors and blood pressure. A sixfold increase in DNA synthesis was observed in the adventitia (p < 0.001), resulting in a significant increase in DNA content as early as 6 days after aortic ligation (75% increase; p<0.001). Increased DNA replication was accompanied by elevations hi nonfibrous protein and elastin contents. Autoradiograms showed labeled adventitia] fibroblasts throughout the thickness of the adventitia and along the entire length of the aorta and smaller vessels. DNA synthesis and content and labeled smooth muscle cells were increased hi the intima-media. These studies indicate that the adventitia participates hi the development of vascular hypertrophy and arterial disease produced by aortic ligation. have diverted attention from the media and adventitia (ADV), whereas in hypertension, attention has been focused mainly on the media. In both diseases, however, intimal and medial lesions are almost invariably accompanied by alterations in the subjacent ADV.
• hypertension • atherosclerosis • cell proliferation • hyperplasia hypertrophy • collagen • nonfibrous protein • elastin I N atherosclerosis, changes of the diseased intima have diverted attention from the media and adventitia (ADV), whereas in hypertension, attention has been focused mainly on the media. In both diseases, however, intimal and medial lesions are almost invariably accompanied by alterations in the subjacent ADV. 1 ' 2 According to observations in experimental models, the development of vascular disease is in most cases accompanied by increases in vascular mass, which may be focal or generalized to the entire intima-media (IM).
3 -4 DNA replication increases, and may be followed by cell division leading to increased cell number (hyperplasia) 3 or by an increase in the total content of DNA per cell (hyperploidy). 6 An accompanying hypertrophy also occurs due to increases in the amount of fibrous 7 and nonfibrous protein (NFP). 41 The purpose of our experiments was to assess if the ADV is also affected by some of these processes during the initiation of vascular disease produced by aortic ligation in the rat. The biochemical composition of the ADV and IM of the thoracic aorta were characterized after microsurgical dissection. The purity of these arterial segments and the reproducibility of the biochemical determinations were verified by comparing groups of normotensive rats of different age and weight, and also by comparing the results wiui experiments performed by other authors with tissues from animals larger than the rat. In experiments with hypertensive animals, DNA synthesis and content were measured after in vivo incorporation of [methyl- 3 H]thymidine and the results were compared with autoradiographic studies.
Materials and Methods
Normotensive male Sprague-Dawley rats (Hsd: (SD)BR, Harlan Farm, Madison, WI, USA) were killed at 6 and 10 weeks of age. The aortic segment from the left subclavian artery to the iliac bifurcation was dissected free, cleansed of loosely bound periadventitial tissue, and opened longitudinally. The thoracic and abdominal segments were dissected at the level of the celiac artery. The thoracic portion was further dissected into IM and ADV as described by Wolinsky and Daly.' The ADV was stretched longitudinally and the internal side was gently scraped with gauze to dislodge and eliminate adhering smooth muscle cells (SMCs) from the outer IM. Some of the tissues were processed for determinations of DNA and NFP as described below, whereas others were ARTERIAL ADVENTmA DNA KEPLlCATlOWChatelain and Dardik 1-131 dehydrated and delipidated, 10 and after the dry weight was obtained, used for measurements of hydroxyproline" and proline. 12 These values were used to determine collagen and elastin contents as described previously. 10 In a second set of experiments, a complete aortic ligation between the renal arteries 13 was performed in anesthetized 6-week-old Sprague-Dawley rats. Hypertensive animals and age-matched sham-operated controls were killed at 6 and 12 days after operations. Six-day rats received an intravenous injection of [methyl- 3 H]thymidine, 0.5 /i.Ci/g body weight (sp. act., 30 Ci/mM; Schwarz-Mann, Orangeburg, NY, USA) 1 hour prior to sacrifice. The animals were divided into two groups. In one group DNA was extracted from the tissues (0.1 N NaOH for 45 minutes at 90°C) 14 and aliquots were used to determine radioactivity and DNA content as described by Ceriotti.
15
DNA synthesis was assessed by dividing the number of disintegrations per minute (dpm) by the DNA content of the entire tissue. Aortas from the second group were not dissected into IM and ADV. Undivided aortic rings were fixed, embedded in paraffin, sectioned transversely at 6 /xm, and processed for autoradiography. l6 The labeled index was calculated as the number of labeled cells (> 10 grains/nucleus) per 1000 cells.
Twelve-day rats with aortic ligation and shamoperated rats were divided in two groups. One group was used for DNA and protein determinations and the other for collagen and elastin determinations. 10 NFP was measured using the method of Lowry et al. 17 Additional rats were used for blood pressure measurements 18 and histojogical studies. In addition to routine stains, the Movat Pentachrome I stain to recognize all components of connective tissue in the same section was employed."
Results
The body weight of 6-week-old normotensive rats was 167 ± 3.4 (SEM) g (n = 10); an 85% weight increase was present in 10-week-old animals (309 ± 6.3 g; n = 14). The dry defatted weight of the ADV of 6-week-old rats was 32.66% of the total weight of the thoracic aorta, and that of 10-week-old animals was 33% (Table 1 ). The percentage of DNA present in the ADV at 6 and 10 weeks was also very similar, suggesting good reproducibility in the dissection of the arterial layers. Histological observations revealed the ADV to be composed mainly of collagen, and the most abundant cells were fibroblasts. Also present were glycosaminoglycans stained blue by the pentachrome," very thin elastic fibers in the inner part of the ADV, and very few and sparse small blood vessels in the outer part. The IM was composed by the typical lamellar units with thick elastic laminae, intervening SMCs, and glycosaminoglycans. The IM was devoid of small vessels, and the pentachrome stain did not reveal any yellow stainable collagen.
Biochemical analysis of the normal ADV indicated that collagen was the most abundant protein in this layer; NFP was less abundant and elastin was very scarce. In contrast, elastin was by far the most abundant protein in the IM, whereas only small amounts of collagen were present in this layer (see Table 1 ). Concentrations per unit of dry weight showed the following pattern: in ADV, collagen 38%, NFP 30%, and elastin 12% at 6 weeks of age; in IM, elastin 70%, NFP 22%, and collagen 5% at 6 weeks of age. Results corrected by units of DNA (a measure that takes into account the concentration of proteins on a cellular basis) indicated that adventitial fibroblasts were embedded in a matrix rich in collagen and NFP, whereas SMCs were located in a matrix where elastin predominated and collagen was very scarce (see Table 1 ).
At 6 days after aortic ligation a marked increase in mean blood pressure was observed (182 ± 4 mm Hg vs control, 103 ± 2.9 mm Hg;p<0.001) and a further elevation was present after 12 days (195 ± 3 mm Hg vs control, 99±5.5 mm Hg; p<0.001). Plasma renin activity, and glucocorticoid, epinephrine, and norepinephrine levels were significantly elevated in 6-day ligated animals ( Table 2) . A sixfold increase in DNA Values are means ± 1 SEM. PRA = plasma renin activity; Ang I = angiotensin I. PRA and glucocorticoids were determined as previously described, 10 and catecholamines by a radioenzymatic assay. •p<0.001, tp<0.025; tp<0.005; §p<0.05, ligated vs sham-operated rats (by unpaired t test).
synthesis was observed in the ADV at 6 days {p <0.001) and a similar increase was present in the IM. At 6 days the DNA content was already increased by 75% in the ADV (p<0.001) but still unchanged in the IM. A significant increase was also observed in the labeling of the ADV (p<0.001; see Table2 and Figure 1 ). Labeled SMCs were observed in the IM (Figure 1 ).
Light microscopy of the autoradiograms revealed that labeled adventitial cells were mostly fibroblasts (93 ± 1.5% of labeled cells at 6 days; n = 12). These FIGURE 
Autoradiograms of the undivided thoracic aorta 6 days after aortic ligation. A. A labeled smooth muscle cell (SMC) in the outer part of the intima-media (IM) between elastic laminae and a labeled fibroblast in the inner part of the adventitia (ADV). B. Labeled SMCs between elastic laminae in the IM. CandD. Labeled adventitialfibroblasts dispersed throughout the ADV and labeled SMCs in the outer IM. (Hematoxylin and eosin; magnification XlOOO)
ARTERIAL ADVENTITIA DNA REPLICATION/C/wfe/am and Dardik 1-133 cells were evenly distributed and dispersed among collagen fibers without forming clusters. Labeled fibroblasts were not observed surrounding small adventitial vessels. Occasionally, a SMC or an endothelial cell of these small vessels was labeled. Adventitial fibroblasts synthesizing DNA were present from the level of the aortic arch throughout the entire length of the thoracic ADV (see Figure 1) .
Ligated animals killed at 12 days showed similar features, but DNA content was significantly increased in both FM and ADV (data not shown). Significant increases in NFP and elastin contents were observed in the ADV, whereas the content of collagen was unchanged (see Table 2 ). The amount of thin elastic fibers in the inner part of the ADV was greater than that observed in sham-operated controls.
Discussion
These experiments were directed to assess the involvement of the ADV in the development of vascular disease. The biochemical characterization of the structural changes was attempted by trying to perform precise dissections of the ADV followed by microdeterminations of DNA and structural proteins. The biochemical profile obtained was in accord with the analyses performed by other authors on the aortas of larger animals. 20 -2I Thus, it is well known that the main protein in the ADV is collagen 21 and that of the IM is elastin. 20 Conversely, collagen content is very low in the IM and elastin is not abundant in the ADV. 21 This exactly reverse collagen-elastin pattern was consistently observed in the ADV and IM of different groups of rats. The biochemical findings were supported by parallel morphological studies that are in agreement with classic observations. 21 Aortic ligation induced a rapid and marked increase in adventitial DNA synthesis that resulted in a significant increase in DNA content at 6 days. Increased DNA synthesis was also observed in the IM, where DNA content was increased after 12 days. Similar changes in the IM were reported previously in the aortic ligation model. 3 " 3822 Since adventitial cells synthesizing DNA were detected throughout the entire length of the aorta and also in smaller vessels, the results suggest that a generalized adventitial response participates in the development of the vascular abnormalities produced by aortic ligation. Whether this response is the result of increased wall tension or elevated levels of mitogenic factors generated during the initiation of the disease is unknown at the present time. Also, experiments in vitro suggest that hormones such as angiotensin, epinephrine, and norepinephrine may be mitogenic for vascular cells. 23 -24 Most labeled adventitial cells were fibroblasts. It is important to emphasize that these labeled cells were evenly distributed and not in the proximity of preexisting small adventitial vessels or in association with newly developing vasa vasorum. Nor were the labeled fibroblasts localized in clusters or close to sites of plasmatic insudation, since none of these lesions were present at the medioadventitial junction of the thoracic aorta. Other authors previously observed an increased number of labeled adventitial fibroblasts in hypertensive animals by autoradiography.
3 -5 -22 - 25 Although some of these cells were found in the ADV of the thoracic aorta, they were more common in smaller arteries 3 and at sites where fibrinoid infiltration had occurred. 25 It has been suggested 2526 that this proliferative process occurring in small muscular arteries is reactive or reparative in nature and may be a response to the exudation of plasmatic substances rather than to an increase in wall tension. 26 We also observed labeled adventitial fibroblasts in segmentary portions of smaller vessels affected by fibrinoid deposits; but, as previously described by Bevan, 3 these labeled cells were also present at intervening segments that, according to light microscopy observations, were free of necrotizing damage.
In our experiments, in addition to labeled cells, mitoses were occasionally present in the ADV. Since the fate of the cells synthesizing DNA was not studied, we do not know whether most of these cells remain in a polyploid state or proceed throughout cell division. Although aortic SMCs in ligated rats generally divide after DNA replication, 5 increased corticosteroid levels have been detected in these animals. It has been postulated that there is a stage in the cell cycle of fibroblasts following DNA replication that is particularly sensitive to the inhibitory action of corticosteroids. 27 - 28 Thus, although DNA replication is increased in the ADV of ligated rats, the rate of cell division may be normal or inhibited. Therefore, either possibility, hyperplasia or hyperploidy (or both), may account for the increased adventitial DNA content observed in these experiments.
